VOLUME 79 


SEPARATE No. 233 


PROCEEDINGS | 


AMERICAN SOCIETY 


CIVIL ENGINEERS 
AUGUST, 1953 


DETERMINATION OF RADII OF CURVATURE a 
OF TAXIWAYS 

by John Hugh Jones, and Robert Horonjeff a 


AIR TRANSPORT DIVISION 
{Discussion open until December 1, 1953} 


Copyright 1953 by the American Society oF Civit ENGINEERS 
Printed in the United States of America 


Headquarters of the Society 
33 W. 39th St. : 
New York 18, N. Y. } a 


PRICE $0.50 PER COPY 


* 
ad 
gg 
at 
x 
Tl 
Gg 
gg 
a 
j 
at 
: 
Tl 
= 
ay 


THIS PAPER 


--represents an effort of the Society to deliver 
technical data direct from the author to the 
reader with the greatest possible speed. To 
this end, it has had none of the usual editing 
required in more formal publication procedures. 


Readers are invited to submit discussion apply- 
ing to current papers. For this paper the final 
closing dead line appears on the front cover. 


Those who are planning papers or discussions 
for “Proceedings” will expedite Division and 
Committee action measurably by first studying 
the printed directions for the preparation of 


ASCE technical papers. For free copies of these 
directions—describing style, content, and for- 
mat—address the Manager, Technical Publica- 
tions, ASCE. 


Reprints from this publication may be made on 
condition that the full title of paper, name of 
author, page reference, and date of publication 
by the Society are given. 


The Society is not responsible for any statement 
made or opinion expressed in its publications. 


This paper was published at 1745 S. State Street, 
Ann Arbor, Mich., by the American Society of 
Civil Engineers. Editorial and General Offices 
are at 33 West Thirty-ninthStreet, New York 18, 
N.Y. 


, 
en 
4 
i 


DETERMINATION OF RADII OF CURVATURE OF TAXIWAYS 


By John Hugh Jones, Jun. M. ASCE 
Assistant Professor of Civil Engineering 
University of California 


and 


Robert Horonjeff, Assoc. M. ASCE 
Lecturer and Research Engineer 
Institute of Transportation and Traffic Engineering 
University of California 


Objective 


Consultation with the Airport Engineering Division of the U. S. Civil Aer- 
onautics Administration early in 1951 brought out the lack of quantitative in- 
formation on the relationship of aircraft speed to the radius of turning while 
taxiing. This relationship is an important consideration in the layout of taxi- 
ways, particularly those used for clearing aircraft from runways. 

In order to increase the rate at which aircraft can land at the busier term- 
inals, taxiway patterns must be developed which will permit minimum occu- 
pancy of runways by landing aircraft. This led airport designers to the con- 
cept of ‘‘lead-off taxiways’’ which would permit aircraft to leave the runway 
at speeds as high as 50 mph. Studies conducted by the Civil Aeronautics Ad- 
ministration indicate suitable positions for lead-off taxiways along the run- 
ways. The present investigation, which complements the work of the CAA, 
provides information on suitable radii for these lead-off taxiways. 


Apparatus 


Three models of aircraft were used in these tests; the DC-3 and DC-6, 
manufactured by the Douglas Aircraft Corp. and the Convair-340 manufac- 
tured by the Consolidated-Vultee Aircraft Corp. These aircraft, shown in 
Fig. 1, are currently used for commercial operations throughout the world. 
Maximum gross take-off weights for these aircraft are: DC-3, 25,000 lb; 
Convair-340, 47,000 lb; and DC-6, 92,000 lb. 

These aircraft are equipped with two types of landing gear: the nose- 
wheel type on the Convair-340 and the DC-6, and the tail-wheel type, on the 
DC-3. Main landing gear of the Convair-340 and the DC-6 are equipped with 
dual wheels; the DC-3 has single-tire main wheels. The principal dimensions 
of the landing gears are shown in Fig. 2. 

The equipment used to determine the paths and speeds of the aircraft con- 
sisted of a 16 mm motion picture camera mounted on an outrigger extending 
from the cockpit window on the right - -hand side of the aircraft as shown in 


a. U. S. Civil Aeronautics Administration, Office of Airports, Airport Engi- 
neering Bulletin No. 1. ‘‘Preliminary Report on Airport Configuration 
Studies’. June 15, 1951. 
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Fig. 3. A grid formed of 20x20-ft squares was painted on the north-west end 
of the NW-SE runway at the San Francisco International airport as detailed in 
Fig. 4. The camera was adjusted to photograph vertically downward and thus 
record the path of the aircraft as it maneuvered over the grid. The camera 

was operated at a nominal speed of 32 frames per second, but the exact speed 
was determined by photographing a stop-watch. 


Test Program 


The test program was designed to indicate how aircraft speed, type of land- 
ing gear, totai angle of turn, and passenger comfort imposed limits on the 
turning radius. An initial series of tests was sufficient, however, to show 

that speed is the only one of these variables having a significant effect on 
minimum permissible radius. This limiting speed was taken as that of im- 
pending skid and was determined by pilot judgment, although the observer 
riding in the aircraft was often able to note such confirming symptoms of im- 
pending skid as nose-whgel chatter or tail-wheel bounce, and tire squeal, 
while outside, the condition was implied by tire marks on the pavement. 

The methods of steering the aircraft differed for the two types of land gear. 
The tail-wheel aircraft, DC-3, was steered by the use of wheel-brakes, en- 
gines, and rudder, in various combinations. The Convair-340 and the DC-6 
were steered exclusively by means of the nose wheel. 

The aircraft were taxied on the grid a total of 57 times at ground speeds 
ranging from 16 to 53 mph. For each run at impending skid, the path of the 
aircraft was recorded by the motion-picture camera. During the tests the 
winds were usually less than 15 mph. 

Observations of the aircraft from the ground by visual and photographic 
means indicated a negligible amount of ‘‘body roll’’ even during the tightest 
turns. 


Analysis of Data 


The photographs of the aircraft’s travel over the grid were viewed as 
still pictures. Each time the center of the camera crossed a grid line, the 
ground position of the camera with respect to an intersection of grid lines was 
plotted on a drawing of the grid. The relative positions of camera and land- 
ing gear being known, the path of the landing gear could be plotted on the 
drawing as shown in Figs. 5 and 6. In this manner the path of the turning air- 
craft was established. The radii of curvature were determined from the 
circular arcs which were used to fit smooth curves to the plotted points. The 
speed of the aircraft was readily determined from the number of exposed 
frames of film between crossings of grid lines and known camera timing in 
terms of frames per second. The paths of each aircraft at the impending 
skid condition for three different average speeds are shown in Figs. 7, 8, and 
9. From these and similar plots the speed of the aircraft and the radius of 
curvature were obtained. The observed paths of the aircraft were best ap- 
proximated by three- or four-centered compound curves though the actual 
curves were probably circular arcs with spirals at each end. 

The data were plotted from the observed radius and the corresponding 
speed for each run at the impending skid condition, as shown in Fig. 10. 

Upon fitting various curves to these data, it was found that a curve repre- 
senting the fundamental equation of radial force opposed by frictional force 
used in the design of highway curves was entirely satisfactory. This equation 
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Where W is weight, v is velocity, g is the acceleration of gravity, R is 
radius, and f is the friction factor, When this equation is solved for R in 
feet, with v in miles per hour, it becomes 


(the radial force) = Wf (the opposing friction) 


It is recognized that this equation is not strictly applicable to the case of 
an aircraft because the weight in the term Wf is reduced by whatever lift the 
plane happens to have at a particular speed, while the mass term W/g on the 
other side of the equation remains unaffected. On the other hand as an air- 
craft turns off from a runway the wind creates a force opposite to the out- 
ward radial force which may partially offset the effect of lift. Other factors, 
such as distribution of load on the landing gear and tire condition may also 
have their effect. Nevertheless, the curve expressed by friction factor of 
0.26, shows a good fit, well within the practicable limits of accuracy of the 
measurements, and represents the observed limiting condition for operation 
on dry bituminous pavements when wind velocities are low. 

The particular friction factor of 0.26 is the mean value of the f’s calcu- 
lated by the above formula for each of the 41 plotted points. These values are 
shown in Table 1. An examination of these values indicates no marked change 
in friction factor at higher speeds as might be expected if lift were effective 
and there were no other compensating factors. 

The curve designated as ‘‘Tolerable’’ in Fig. 10 is one which envelops 
nearly all the plotted points and was established on the basis of a constant 
friction factor of .20 in the formula 


For a particular speed, the radius should not be less than indicated by 
this curve otherwise skidding might occur. 

The ‘‘Suggested Design’’ curve shown in Fig. 10 is expressed by a friction 
factor f of 0.17. This curve provides a margin of safety of 50 percent 
over the radii established by the ‘‘Limiting’’ curve. It is believed this marg- 
in of safety is necessary to account for the difference between the favorable 
conditions under which the tests were conducted and the more frequently en- 
countered service conditions. The tests were conducted on dry pavement and 
surface winds were usually less than 15 mph. The effects of pavement con- 
dition, wind velocity and relative direction, tire condition, wing lift, distribu- 
tion of weight on the landing gear, uncertainty of steering, and a host of sim- 
ilar factors were not evaiuated separately in this investigation. Until the 
magnitude of these variables has been determined it seems a margin of 
safety of 50 percent is justified. 


Conclusions 
Within the limits of the tests, it was determined that type of landing gear 


and the size of the aircraft do not effect the speed-radius relationship. 


b. A friction factor of 0.3 means that the horizontal acceleration due to 
turning is 30 percent of g or 9.7 ft per sec. 
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For a given surface type, only speed has a significant effect on the limit- 
ing values of the radius of turning. 

The suggested design curve for operation on dry bituminous pavements is 
shown in Fig. 10. Rounded values suggested for use as design radii are 
tabulated below: 


Speed, mph Radius, ft 


50 
150 
350 
650 

1000 


af 
50 
q 
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TABLE 1--COMPUTED FRICTION FACTORS 


Aircraft Speed, mph Radius, ft Friction factor, f 


DC-3 17.6 


17.8 
22.9 
22.9 


44.7 


= . 
c. Computed from formula f 


i 
ia 
90 0.24 
120 0.29 
160 0.22 
: 26.8 160 0.30 4 
28.0 240 0.22 
28.1 180 0.29 
28.8 240 0.23 
30.7 220 0.29 
31.2 180 0.36 
32.3 360 0.19 
33.5 220 0.34 
35.0 240 0.34 
40.9 320 0.35 ee. 
DC-6 23.2 180 0.20 
25.7 220 0.20 
: 25.8 200 0.22 q 
27.2 180 0.27 
28.6 240 0.23 
31.1 320 0.22 
32.2 280 0.25 
33.1 280 0.26 
4 34.4 320 0.25 P 
36.7 280 0.32 
37.2 400 0.23 
37.5 360 0.26 
4 39.3 480 0.21 
43.1 480 0.26 
= 44.0 440 0.29 = 
44.9 520 0.26 
46.2 480 0.30 
47.1 560 0.26 
49.6 560 0.29 
CVv-340 19.5 100 0.25 
23.1 120 0.30 
29.6 200 0.29 
32.0 180 0.37 
36.8 480 0.19 es 
43.7 520 0.24 
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FIG. 2-LANDING GEAR CONFIGURATIONS 
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FIG. 3- MOTION PICTURE CAMERA 


MOUNTED ON AIRCRAFT 


= 

a 
233-9 

: 
| 4° 


LNOAVT Old 


09S = 02 © 


AVMNNY JO 3903 


JO ON 


SQ RS 

AVANT 40 3903 

SLL 


,082+,02 vi - 


ne 
,002 
> 
a 
Zz 
po 
u 
| 
cot | 
Sain 
| 
eae 
& 
vf | GEE 
| | | | 
| 
| 
| | | i 
D 
‘ 
233-10 


€-90 


NIVW 


40 


| 


| | | | 

| 

| } | | 
| 
if | 

| 

| 1314 3 

cannes 
od | 8 
233-11 3 
+, 


9-90 
YV3I9 ONIONVT OGNV VYIWVI JO SNOILISOd JAILVIFY-9 


| 
| 
| 


T 

| 

= 

= 

a ac 
: 

| 

233-12 


£-90 
SNOILIGNOD GINS INIGNIdDWI SNOIYVA LV SNYNL TVIIdAL-2 


: 

= 

¥ 

B 
‘a 
4 

of 

@w 7 
7 

233-13 


9-90 
SNOILIGNOD GINS SNOIYVA LV SNYNL TVIIdAL-8 


poe || 

| 

| 

aw 

233-14 


LIVYDYIV ObvE-AD 
SNOILIGNOD GIMS ONIGN3dWI SNOIYVA LV SNYNL TVOIdAL-6 


O 3NIT1831N39 


13 009*y 


| ie 
| 
a 
PT 
233-15 
4 


‘SNOILIONOD 
N9IS3IO ONY ‘378VHF70L ‘ONILINIT ONINSNL JO 
sniavy ONY G33dS LIVYDNIV NIIMLIG -O! 


‘sniavy 


233-16 


9-908 


| 9 ° 
a y) 
99 
\ 
\ 
| | | 
a | | 


= 
pe 
oe 
= 
Be 
q a 
eae 


AMERICAN SOCIETY OF CIVIL ENGINEERS 
OFFICERS FOR 1953 


PRESIDENT 
WALTER LEROY HUBER 


VICE-PRESIDENTS 


Term expires October, 1953: Term expires October, 1954: 
GEORGE W. BURPEE EDMUND FRIEDMAN 
A. M. RAWN G. BROOKS EARNEST 


DIRECTORS 


Term expires October, 1953: Term expires October, 1954: Term expires October, 1955: 


KIRBY SMITH WALTER D. BINGER CHARLES B. MOLINEAUX 

FRANCIS S. FRIEL FRANK A. MARSTON MERCEL J. SHELTON 

WALLACE L. CHADWICK GEORGE W. McALPIN A. A. K. BOOTH 

NORMAN R. MOORE JAMES A. HIGGS CARL G. PAULSEN 

BURTON G. DWYRE I. C. STEELE LLOYD D. KNAPP 

LOUIS R. HOWSON WARREN W. PARKS GLENN W. HOLCOMB 
FRANCIS M. DAWSON 


PAST-PRESIDENTS 
Members of the Board 


GAIL A. HATHAWAY CARLTON S. PROCTOR 


TREASURER EXECUTIVE SECRETARY 
CHARLES E. TROUT WILLIAM N. CAREY 


ASSISTANT TREASURER ASSISTANT SECRETARY 
GEORGE W. BURPEE E. L. CHANDLER 


PROCEEDINGS OF THE SOCIETY 


HAROLD T. LARSEN 
Manager of Technical Publications 


DEFOREST A. MATTESON, JR. 
Assoc. Editor of Technical Publications 


PAUL A. PARISI 
Asst. Editor of Technical Publications 


COMMITTEE ON PUBLICATIONS 
LOUIS R. HOWSON 
FRANCIS S. FRIEL GLENN W. HOLCOMB 


I. C. STEELE FRANK A. MARSTON 
NORMAN R. MOORE 


* Readers are urged to submit discussion applying to current papers. Forty free Separates per year are 
allotted to members. Mail the coupon order form found in the current issue of Civil Engineering. 


| 
3 
‘ 
i 
a 
if, 


